Abstract: Hydrometallurgical processing of chalcopyrite is hindered predominantly due to the passivation layers formed on the chalcopyrite surface. However, the effects of impurity cations released from the gangue are not yet well understood. Density functional theory (DFT) calculations were carried out to investigate monovalent cations of Na + and K + on chalcopyrite (001)-S surface using Materials Studio. The results show that the 3d orbital of Fe and 3p orbital of S predominantly contribute to their activities during chalcopyrite oxidation and dissolution processes. In addition, SO 4 2− is more likely to be adsorbed on one Fe site in the presence of Na + , while it is preferentially adsorbed on two Fe sites in the presence of K + . However, the adsorption of both Na 2 SO 4 and K 2 SO 4 on the chalcopyrite (001)-S surface contributes to the breakage of S-S bonds, indicating that the impurity cations of Na + and K + are beneficial to chalcopyrite leaching in a sulfuric environment. The adsorption energy and partial density of states (PDOS) analyses further indicate that the adsorption of Na 2 SO 4 on chalcopyrite (001)-S surface is favored in both -BB (bidentate binuclear ) and -BM (bidentate mononuclear) modes, compared to the adsorption of K 2 SO 4 .
Introduction
Chalcopyrite (CuFeS 2 ), as one of the most abundant copper-bearing sulfide minerals, accounts for approximately 70% of the copper reserve on Earth [1] . Chalcopyrite is not only an economic mineral for copper production in both pyrometallurgical and hydrometallurgical processes, but is also related to many environmental problems such as acid mine drainage (AMD) [2] . With stricter environmental requirements being raised, pyrometallurgical processing of chalcopyrite is decreasingly important. In contrast, hydrometallurgical strategy has been realized to be more promising, although industrial implementation is still limited to date, predominantly due to slow leaching kinetics [3] [4] [5] .
Most studies show that the slow kinetics of chalcopyrite are not only due to its crystal structure requiring high energy to be broken, but also due to the passivation layers formed on the chalcopyrite surface during the leaching process, with the latter being considered to be rate controlling [2, [6] [7] [8] [9] [10] [11] [12] [13] [14] . In order to develop proper alternatives to avoid surface passivation and enhance the hydrometallurgical efficiency, various strategies, including surface-sensitive X-ray photoelectron spectroscopy (XPS) synchrotron-based techniques [15] [16] [17] [18] have been attempted to investigate the surface products.
However, chalcopyrite is normally not present in a pure state in the natural environment; instead, it co-exists with other minerals, including pyrite, galena, silicates, and some salts. Recently, Qian et al. [19] investigated the effects of some aqueous impurities, such as Na + , K + ,Ca 2+ , Al 3+ , and Si 4+ on chalcopyrite leaching, under controlled conditions (pH 1.0, 750 mV, and 75 • C), indicating that different impurity cations play various roles in chalcopyrite leaching. However, they only discussed the effects of these cations in a specific leaching condition; no further theoretical interpretation at the molecular level was available.
As chalcopyrite displays poor cleavage, its fracture presents various oriented surfaces [20] . Although differing surfaces, including (100), (101), (110), (111), and (112) have been investigated [21] , the reconstructed (001)-S surface has been recommended as the most representative surface for chalcopyrite [22] . Therefore, in order to better understand reactions occurring on the chalcopyrite surface, this study aims to reveal the interaction between monovalent cations (i.e., Na + and K + ) and reconstructed chalcopyrite (001)-S surface in sulfuric solution using molecular modelling strategy.
Methodology
The calculations in this study were performed using the CASTEP module in Materials Studio 6.0, based on density functional theory (DFT), with the exchange and correlation potential (XC) and generalized gradient approximation (GGA) proposed by Perdew and Wang [23] . The core electrons were described by ultrasoft pseudopotentials considering the following valence configuration: Fe 3s 2 3p 6 3d 6 4s 2 4p 0 , Cu 3d 10 4s 1 4p 0 , S 3s 2 3p 4 3d 0 , Na 2p 6 3s 1 , K 3s 2 3p 6 3d 1 . The valence states were expanded in plane waves, with a kinetic energy cutoff of 351 eV. The integration over the Brillouin zone was performed using the Monkhorst−Pack scheme, with a 3 × 3 × 3 k-point mesh for structure optimization and a 3 × 3 × 1 k-point mesh for electronic structure calculation.
In order to simulate the reconstruction of the S-terminated (001) surface, a unit cell containing eight atomic layers in the c direction was used. In addition, a vacuum with a thickness of 10 Å along the c direction was established to avoid interactions between the top and bottom surfaces in the slab. Figure 1 shows the optimized unit of chalcopyrite used, which contains four Cu, four Fe, and eight S atoms, while the lattice parameters are presented in Table 1 .
Results and Discussion

Optimization of Bulk Chalcopyrite
However, chalcopyrite is normally not present in a pure state in the natural environment; instead, it co-exists with other minerals, including pyrite, galena, silicates, and some salts. Recently, Qian et al. [19] investigated the effects of some aqueous impurities, such as Na + , K + ,Ca 2+ , Al 3+ , and Si 4+ on chalcopyrite leaching, under controlled conditions (pH 1.0, 750 mV, and 75 °C), indicating that different impurity cations play various roles in chalcopyrite leaching. However, they only discussed the effects of these cations in a specific leaching condition; no further theoretical interpretation at the molecular level was available.
Methodology
In order to simulate the reconstruction of the S-terminated (001) surface, a unit cell containing eight atomic layers in the c direction was used. In addition, a vacuum with a thickness of 10 Å along the c direction was established to avoid interactions between the top and bottom surfaces in the slab. Figure 1 shows the optimized unit of chalcopyrite used, which contains four Cu, four Fe, and eight S atoms, while the lattice parameters are presented in Table 1 . The lattice parameters of the bulk chalcopyrite after geometric optimization agree highly with the experimental values obtained by Hall and Stewart [24] -i.e., an a value of 5.237 vs. 5.289 Å and a c value of 10.424 vs. 10.423 Å, indicating that the computational setting of this study is highly reliable. In addition, the distances of Fe-S and Cu-S bonds in this work are 2.225 and 2.303 Å, respectively, which are within a very minor difference as compared to that experimentally identified-i.e., a 0.032 and 0.001 Å difference from the related experimental values [24] . The bond lengths of Fe-Fe, Cu-Cu, and Fe-Cu are calculated as 3.694, 3.694 and 3.703 Å, respectively, consistent with that both measured and calculated using other software, such as PWscf Quantum Espresso package and Siesta [25] , as shown in Table 1 . Moreover, the S-S bond is calculated as 3.607 Å, which is within a 3% variation compared to the experimental result of 3.685 Å. These calculations indicate that the optimization process is well performed. As shown in Figure 1 The optimization performed using Materials Studio indicates that the developed pseudopotential and numerical basis sets are capable of simulating bulk chalcopyrite.
Results and Discussion
Optimization of Bulk Chalcopyrite
(001)-S Surface Reconstruction
In order to simulate the reconstructed (001)-S surface, a unit cell containing eight atomic layers in the c direction was applied. In addition, a vacuum with a thickness of 10 Å along the c direction was established to avoid interactions between the slabs. Figure 2 shows the unrelaxed and relaxed (001)-S surface. The lattice parameters of the bulk chalcopyrite after geometric optimization agree highly with the experimental values obtained by Hall and Stewart [24] -i.e., an a value of 5.237 vs. 5.289 Å and a c value of 10.424 vs. 10.423 Å, indicating that the computational setting of this study is highly reliable. In addition, the distances of Fe-S and Cu-S bonds in this work are 2.225 and 2.303 Å, respectively, which are within a very minor difference as compared to that experimentally identified-i.e., a 0.032 and 0.001 Å difference from the related experimental values [24] . The bond lengths of Fe-Fe, Cu-Cu, and Fe-Cu are calculated as 3.694, 3.694 and 3.703 Å, respectively, consistent with that both measured and calculated using other software, such as PWscf Quantum Espresso package and Siesta [25] , as shown in Table 1 . Moreover, the S-S bond is calculated as 3.607 Å, which is within a 3% variation compared to the experimental result of 3.685 Å. These calculations indicate that the optimization process is well performed. As shown in Figure 1 , the angle of S-Cu(Fe)-S varies from 108.64° to 111.15°, while those of Cu(Fe)-S-Cu(Fe) varies from 106.55° to 112.24°.
The optimization performed using Materials Studio indicates that the developed pseudopotential and numerical basis sets are capable of simulating bulk chalcopyrite. 
In order to simulate the reconstructed (001)-S surface, a unit cell containing eight atomic layers in the c direction was applied. In addition, a vacuum with a thickness of 10 Å along the c direction was established to avoid interactions between the slabs. Figure 2 shows the unrelaxed and relaxed (001)-S surface. The most significant change observed is the distance between the two uppermost sulfur atoms; i.e., reduced from 3.607 Å at the unrelaxed lattice surface to 2.250 Å when reconstruction occurred, indicating that the (001)-S surface rearranged. In addition, the distance between the uppermost and The most significant change observed is the distance between the two uppermost sulfur atoms; i.e., reduced from 3.607 Å at the unrelaxed lattice surface to 2.250 Å when reconstruction occurred, indicating that the (001)-S surface rearranged. In addition, the distance between the uppermost and the bottommost atomic layer (along the c axis) of the relaxed unit is significantly reduced due to reconstruction. The distance of the reconstructed S-S bond is very close to that obtained elsewhere using differing approaches [25, 26] . Moreover, this value is consistent with that of the ideal disulfide (S 2 2− ); i.e., 2.276 Å, calculated at the PBE/6-311G (d, p) level of theory [11] . The slight decrease of the bond distance by a small value of 0.026 Å is probably due to the antibonding-occupied π* orbitals of the S 2 2− that were involved in bonding with the metal centers on the surface. The bond length of the upper S-Fe decreased from 2.225 to 2.141Å, while the upper S-Cu increased from 2.303 to 2.372 Å ( Table 2) . Furthermore, the electron densities of the unrelaxed and relaxed chalcopyrite (001)-S surfaces shown in Figure 3 assist in verifying that a bond was clearly formed between two sulfur atoms at the first atomic layer after relaxation, as the electron density of the uppermost S atoms at the relaxed (001)-S surface (Figure 3b ) overlapped, definitely different from the unrelaxed (001)-S surface shown in Figure 3a . All these pieces of evidence, in addition to that observed in the experiment using synchrotron-or lab-based XPS techniques [20, 27, 28] , support the formation of disulfides on the reconstructed (001)-S surface. the bottommost atomic layer (along the c axis) of the relaxed unit is significantly reduced due to reconstruction. The distance of the reconstructed S-S bond is very close to that obtained elsewhere using differing approaches [25, 26] . Moreover, this value is consistent with that of the ideal disulfide (S2 2− ); i.e., 2.276 Å, calculated at the PBE/6-311G (d, p) level of theory [11] . The slight decrease of the bond distance by a small value of 0.026 Å is probably due to the antibonding-occupied π* orbitals of the S2 2− that were involved in bonding with the metal centers on the surface. The bond length of the upper S-Fe decreased from 2.225 to 2.141Å, while the upper S-Cu increased from 2.303 to 2.372 Å ( Table 2) . Furthermore, the electron densities of the unrelaxed and relaxed chalcopyrite (001)-S surfaces shown in Figure 3 assist in verifying that a bond was clearly formed between two sulfur atoms at the first atomic layer after relaxation, as the electron density of the uppermost S atoms at the relaxed (001)-S surface (Figure 3b ) overlapped, definitely different from the unrelaxed (001)-S surface shown in Figure 3a . All these pieces of evidence, in addition to that observed in the experiment using synchrotron-or lab-based XPS techniques [20, 27, 28] , support the formation of disulfides on the reconstructed (001)-S surface. 
Adsorption Sites
A (2 × 2 × 1) supercell was used to simulate the adsorption process. As some previous research works regarding chalcopyrite leaching were conducted in a sulfuric acid system [19, 29, 30] , the adsorption sites of the SO4 2− and cations would play a role in chalcopyrite dissolution.
The density of states (DOS) of chalcopyrite (001)-S is shown in Figure 4 , which indicates that the total energy band near Fermi level is predominantly contributed from Fe and S atoms, while the Cu atom does not play a significant role.
The partial density of states (PDOS) of the chalcopyrite shown in Figure 5 further indicates that the energy bond of the Fe atom near the Fermi level is mainly due to its 3d orbital, with other orbitals being less active. However, the 3p orbital is observed to contribute to that of the S atom. As electrons are very active at around the Fermi level, both Fe and S are expected to be involved in physical and/or chemical reactions on the chalcopyrite (001)-S surface. Studies have revealed that Fe sites are the most electrophilic and the most active on the chalcopyrite surfaces, while the nearby S sites are more nucleophilic [25, 28, 29] . In contrast, both experimental and theoretical calculations indicate that the oxidation state of Cu on fresh and moderately oxidized chalcopyrite surface remains unchanged as +1 unless significant oxidation occurs [28] . 
A (2 × 2 × 1) supercell was used to simulate the adsorption process. As some previous research works regarding chalcopyrite leaching were conducted in a sulfuric acid system [19, 29, 30] , the adsorption sites of the SO 4 2− and cations would play a role in chalcopyrite dissolution. Figure 4 , which indicates that the total energy band near Fermi level is predominantly contributed from Fe and S atoms, while the Cu atom does not play a significant role.
The density of states (DOS) of chalcopyrite (001)-S is shown in
The partial density of states (PDOS) of the chalcopyrite shown in Figure 5 further indicates that the energy bond of the Fe atom near the Fermi level is mainly due to its 3d orbital, with other orbitals being less active. However, the 3p orbital is observed to contribute to that of the S atom. As electrons are very active at around the Fermi level, both Fe and S are expected to be involved in physical and/or chemical reactions on the chalcopyrite (001)-S surface. Studies have revealed that Fe sites are the most electrophilic and the most active on the chalcopyrite surfaces, while the nearby S sites are more nucleophilic [25, 28, 29] . In contrast, both experimental and theoretical calculations indicate that the oxidation state of Cu on fresh and moderately oxidized chalcopyrite surface remains unchanged as +1 unless significant oxidation occurs [28] . Therefore, the Fe atom on the (001)-S surface is highly likely to be the most stable site for the SO4 2− adsorption (as shown in Figure 6 ), which is consistent with that found in [25, 28] . However, as indicated in [22] , there are two possible coordination modes for the adsorption of SO4 2− ; i.e., BB and BM, with the SO4 2− being coordinated to two iron atoms in the former mode while being coordinated to one of the iron atoms in the latter mode. The adsorption sites for metal cations, however, are more likely to be adsorbed at electron-depleted S sites [28] . Therefore, the Fe atom on the (001)-S surface is highly likely to be the most stable site for the SO4 2− adsorption (as shown in Figure 6 ), which is consistent with that found in [25, 28] . However, as indicated in [22] , there are two possible coordination modes for the adsorption of SO4 2− ; i.e., BB and BM, with the SO4 2− being coordinated to two iron atoms in the former mode while being coordinated to one of the iron atoms in the latter mode. The adsorption sites for metal cations, however, are more likely to be adsorbed at electron-depleted S sites [28] . Therefore, the Fe atom on the (001)-S surface is highly likely to be the most stable site for the SO 4 2− adsorption (as shown in Figure 6 ), which is consistent with that found in [25, 28] . However, as indicated in [22] , there are two possible coordination modes for the adsorption of SO 4 2− ; i.e., BB and BM, with the SO 4 2− being coordinated to two iron atoms in the former mode while being coordinated to one of the iron atoms in the latter mode. The adsorption sites for metal cations, however, are more likely to be adsorbed at electron-depleted S sites [28] .
Therefore, the Fe atom on the (001)-S surface is highly likely to be the most stable site for the SO4 2− adsorption (as shown in Figure 6 ), which is consistent with that found in [25, 28] . However, as indicated in [22] As the adsorption of metal cation and sulfate were only considered to be adsorbed on the (001)-S chalcopyrite surface, the bottom five layers of chalcopyrite were kept fixed to make sure that they do not have an impact on the surface properties. The adsorption energy was then calculated according to Equation (1)
where E surf + met is the total energy of the surface with the metal sulfate adsorbed, E surf corresponds to the total energy of the reconstructed surface, and E met is the total energy of the metal sulfate. All these values were calculated in a box with the same volume to calculate the surfaces at the Γ-point. Table 3 shows the adsorption energy for the metal ions adsorbed at different sites on the (001)-S chalcopyrite surface. It is observed that the adsorption of Na + on sites 1 and 2 was most preferential, with an adsorption energy of −68.96 kcal·mol −1 when at -BB mode-significantly greater than that adsorbed at sites 3 and 4, 5 and 6, and 7 and 8 at same mode (Table 3) . Therefore, the adsorption on sites 1 and 2 was regarded as the most likely adsorption sites. In addition, Figure 7a ,b showed the adsorption of two Na + ions at sites 1 and 2 in -BB mode. Upon the adsorption of Na + and SO 4 2− , the S-S bond length between S sites 1 and 2 was increased from 2.250 to 4.154 Å, with the latter being significantly greater than the reasonable S 2 2− bond length of 2.276 Å [11] , indicating the breakage of the S-S bond between sites 1 and 2 after Na 2 SO 4 adsorption. As S 2 2− was one of the passivation layers described [8, 29, 31] , the breakage of S-S was therefore beneficial to chalcopyrite leaching. In contrast, the two disulfide bonds were compressed from 2.250 ( Figure 6a ) to 2.165 (sites 3 and 4) and 2.151 Å (sites 7 and 8) (Figure 7a ), respectively. The S 2 2− bond Table 3 showed that the lowest adsorption energy for K2SO4 adsorbed on the chalcopyrite (001)-S surface was −35.78 kcal·mol −1 , at sites 1 and 2 in -BB mode, indicating that the most stable adsorption sites for K2SO4 was similar to that of Na2SO4; i.e., breaking the S-S bond (3.765 Å). The two Fe-O bonds were found as 2.249 and 2.335 Å, respectively, significantly greater than those when K + was adsorbed at other sites (Table 3) .
Na 2 SO 4 Adsorption
K2SO4 Adsorption
However, the adsorption energy for K2SO4 on the chalcopyrite (001)-S surface in BM mode was 6.52 kcal·mol −1 , indicating that the adsorption of K2SO4 in BM configuration was unlikely to occur. Figure 8 showed that the adjacent two disulfide bonds of Fe atoms were compressed from 2.250 to 2.158 (sites 3 and 4) and 2.155 Å (sites 7 and 8), respectively. The bond distance of another disulfide bond connecting S atoms 5 and 6 was increased from 2.250 to 2.417 Å, although S-S breakage was not observed. in -BB configuration, the adsorption energy was −77.7 kcal·mol −1 when SO 4 2− was adsorbed on one Fe site in -BM mode-8.74 kcal·mol −1 lower, although two Na + atoms were adsorbed at the same sites of 1 and 2, indicating that -BM mode is more preferential for the adsorption of Na 2 SO 4 , although the S-S bond (3.822 Å, Figure 7b ) was 0.332 Å shorter than that in BB configuration. The S-S bonds between sites 3 and 4 and 5 and 6 were decreased from 2.250 to 2.168 and 2.095 Å, respectively, with the S-S bond between 7 and 8 being slightly increased to 2.309 Å in -BB mode. Table 3 showed that the lowest adsorption energy for K 2 SO 4 adsorbed on the chalcopyrite (001)-S surface was −35.78 kcal·mol −1 , at sites 1 and 2 in -BB mode, indicating that the most stable adsorption sites for K 2 SO 4 was similar to that of Na 2 SO 4 ; i.e., breaking the S-S bond (3.765 Å). The two Fe-O bonds were found as 2.249 and 2.335 Å, respectively, significantly greater than those when K + was adsorbed at other sites (Table 3) .
K 2 SO 4 Adsorption
However, the adsorption energy for K 2 SO 4 on the chalcopyrite (001)-S surface in BM mode was 6.52 kcal·mol −1 , indicating that the adsorption of K 2 SO 4 in BM configuration was unlikely to occur. Figure 8 showed that the adjacent two disulfide bonds of Fe atoms were compressed from 2.250 to 2.158 (sites 3 and 4) and 2.155 Å (sites 7 and 8), respectively. The bond distance of another disulfide bond connecting S atoms 5 and 6 was increased from 2.250 to 2.417 Å, although S-S breakage was not observed.
However, the adsorption energy for K2SO4 on the chalcopyrite (001)-S surface in BM mode was 6.52 kcal·mol −1 , indicating that the adsorption of K2SO4 in BM configuration was unlikely to occur. Figure 8 showed that the adjacent two disulfide bonds of Fe atoms were compressed from 2.250 to 2.158 (sites 3 and 4) and 2.155 Å (sites 7 and 8), respectively. The bond distance of another disulfide bond connecting S atoms 5 and 6 was increased from 2.250 to 2.417 Å, although S-S breakage was not observed. 
Conclusions
The reconstructed chalcopyrite (001)-S surface shows the formation of disulfide based on both the bond length and electron density. The DOS calculation indicates that Fe and S atoms are more active for the adsorption of anion and cation ions, respectively. However, Cu atom on the chalcopyrite surface is considered to be in a relatively stable state. In addition, the PDOS studies reveal that the 3d orbital of Fe and 3p orbital of S predominantly contribute to their activities during the oxidation and dissolution processes.
When SO 4 2− was adsorbed in -BB mode, the adsorption of Na + and K + on the chalcopyrite (001)-S surface is most likely at S sites 1 and 2, with the lowest adsorption energies being as −68.96 and −35.78 kcal·mol −1 , respectively. However, the -BM mode was more likely for the adsorption of Na 2 SO 4 as compared to -BB mode, while it is unlikely to occur for K 2 SO 4 in -BM mode. It should be noted that the adsorption of both Na 2 SO 4 and K 2 SO 4 contributes to the breakage of the S-S bond between sites 1 and 2, indicating that the presence of the impurity cations Na + and K + in sulfuric solution is beneficial to chalcopyrite leaching. These findings are of significance to better understand chalcopyrite leaching in the presence of some common cations in the sulfuric acid leaching system, at the molecular scale. Further investigations should also be made simulating the real leaching conditions with more ions present for chalcopyrite leaching.
